Differential patterns of white matter disruption have recently been reported in the non-fluent (nfvPPA) and semantic (svPPA) variants of primary progressive aphasia (PPA). No single measure is sufficient to distinguish between the PPA variants, but connected speech allows for the quantification of multiple measures. The aim of the present study was to further investigate the white matter correlates associated with connected speech features in PPA. We examined the relationship between white matter metrics and connected speech deficits using an auto-mated analysis of transcriptions of connected speech and diffusion tensor imaging in language-related tracts. Syntactic, lexical, and semantic features were automatically extracted from transcriptions of topic-directed interviews conducted with groups of individuals with nfvPPA or svPPA as well as with a group of healthy controls. A principal component analysis was performed in order to reduce the number of language measures and yielded a five-factor solution. The results indicated that nfvPPA patients differed from healthy controls on a syntactic factor, and svPPA patients differed from controls on two semantic factors. However, the patient groups did not differ on any factor. Moreover, a correlational analysis revealed that the lexical richness factor was significantly correlated with radial diffusivity in the left inferior longitudinal fasciculus, which suggests that semantic deficits in connected speech reflect a disruption of this ventral pathway, and which is largely consistent with the results of previous studies. Using an automated approach for the analysis of connected speech combined with probabilistic tractography, the present findings demonstrate that nfvPPA patients are impaired relative to healthy controls on syntactic measures and have increased radial diffusivity in the left superior longitudinal fasciculus, whereas the svPPA group was impaired on lexicosemantic measures relative to controls and showed increased radial diffusivity in the uncinate and inferior longitudinal fasciculus bilaterally.
Introduction
Primary progressive aphasia (PPA) is an acquired, progressive language impairment, which results from a neurodegeneration of frontotemporal and/or temporoparietal brain regions [1, 2] . The numerous studies that have examined single-word production in PPA have documented clear impairments in naming and reading [e.g. 3, [4] [5] [6] [7] , helping to elucidate the nature of the language impairments in the semantic (svPPA) and the non-fluent variants of PPA (nfvPPA). However, impairments in connected speech (i.e., discourse production) are also prevalent and can have devastating effects on social interactions [8] , which could lead to a loss of independence after the onset of symptoms [9] . Moreover, the relationship between single-word naming and abilities at the level of connected speech is not straight-forward. Yet, deficits at the level of connected speech have only begun to be systematically investigated. For instance, it has been found that good performance on single-word naming tasks does not necessarily predict an ability to produce connected speech [10] [11] [12] .
The evaluation of connected speech of individuals with PPA allows a detailed and naturalistic assessment of the integrity of both the syntactic and semantic systems in these patients. Connected speech in patients with nfvPPA is most consistently associated with simplified syntax, shorter utterances, and increased errors [13] [14] [15] [16] . Connected speech of individuals with svPPA is typically fluent, but marked by word-finding difficulty, and, as the disease progresses, a reduced frequency of content words, the use of vague terms, semantic paraphasias, and circumlocutions. Concerning syntactic production in svPPA, Ash et al. [17] and Kavé et al. [18] reported little deviation from normal syntactic patterns of narrative speech, but other studies have reported simplified grammatical structure and occasional paragrammatic errors [16, [19] [20] [21] [22] . Thus, the possibility of syntactic impairment in svPPA remains open.
To our knowledge, so far only seven studies have provided detailed quantification and comparison of elicited speech samples between svPPA and nfvPPA [15, 16, 20, [23] [24] [25] [26] . These studies reported significant differences mostly between nfvPPA and healthy controls in grammatical and fluency measures [15, 23, 25, 26] and between svPPA and healthy controls in lexico-semantic features [27, 28] . A comparison of the two variants has yielded inconsistent findings, except that speech rate seems to reliably distinguish svPPA and nfvPPA [15, 16, 23, 24, 26] .
The advent of neuroimaging techniques has greatly contributed to the understanding and diagnosis of PPA. A small number of recent studies have shown that language processing depends not only on grey matter, but also on the white matter fibre bundles that connect the language-related cortical regions, and most have focused on the dorsal and ventral language pathways [29] [30] [31] [32] [33] [34] [35] . Generally, damage was found in the dorsal pathway (i.e. the superior longitudinal fasciculus; SLF), in both the nfvPPA and logopenic PPA variants, although changes were more widespread in nfvPPA. Conversely, svPPA was more associated with ventral changes, specifically in the uncinate and the inferior longitudinal fasciculus (ILF). Damage to the arcuate component of the SLF has also been reported in svPPA.
To our knowledge, only four studies have investigated the relationship between language measures and diffusion tensor imaging (DTI) metrics [36] [37] [38] [39] . Wilson et al. [39] showed that damage to the SLF, including the arcuate component, predicted syntactic processing deficits (both in comprehension and production), while damage to the ventral tracts, which included the extreme capsule fibre system and the uncinate, was not associated with syntactic deficits. Catani et al. [36] found that frontal aslant metrics correlated with speech fluency, whereas uncinate metrics correlated with semantic processing scores. Interestingly, this frontal fibre bundle was particularly damaged in nfvPPA. More recently, Mandelli et al. [37] reported significant correlations between fractional anisotropy (FA) in the fibre bundles connecting the left premotor, inferior frontal, and supplementary motor area and motor speech impairments, whereas FA in the left ventral tracts was correlated with semantic processing.
The aim of the present study was to further investigate the relationship between connected speech deficits and DTI metrics in known language-related tracts in svPPA and nfvPPA. Connected speech deficits were automatically identified using natural languageprocessing software [20] to enable an evaluation of a larger number of linguistic features than that usually included in a single study. These variables were then reduced using principal components analysis (PCA) to a small number of coherent linguistic domains, which were, in turn, correlated with DTI metrics.
Materials and Methods

Participants
Twenty-five individuals with a diagnosis of nfvPPA or svPPA and 18 age-and educationmatched healthy controls participated in the study. The patients were recruited through four memory clinics in Toronto, ON, Canada, and an experienced behavioural neurologist diagnosed each of them. The control participants were recruited from a volunteer pool. All participants were native speakers of English or completed some of their education in English. Exclusion criteria were (1) a known history of drug or alcohol abuse, and (2) a history of another neurological and/or major psychiatric illness. The Research Ethics Boards at all hospitals involved in recruitment as well as the Research Ethics Board at the University of Toronto, ON, Canada, approved the study. Written informed consent was obtained from all participants.
Patients were diagnosed with PPA and classified according to variant based on the assessment by a multidisciplinary team and according to consensus criteria [40] . Table 1 presents demographic and volumetric information as well as mean neuropsychological and language evaluation scores for both patient groups as well as for the healthy control group. A subset of the patient and control participants reported in this study was reported in Schwindt et al. [35] and Fraser et al. [20] . Table 1 shows that, as expected, svPPA patients performed more poorly than controls and nfvPPA patients in tasks measuring lexical and semantic processing, such as the Boston Naming Test [41] , Peabody Picture Vocabulary Test [PPVT; 42] , and Pyramids and Palm Trees Test [43] . Conversely, nfvPPA patients had effortful speech, and produced fewer grammatically correct sentences in a verb story completion task [44, 45] . They were also impaired relative to controls on the Test for the Reception of Grammar [46] .
Connected Speech Task
Connected speech samples were obtained via topic-directed interviews, following the method of Orange et al. [47] . Participants were asked about (1) their family, (2) their health,
what they do each day, (4) where they were born and raised, and (5) the jobs or work that they did. The examiner introduced the topic with a short open-ended question after which they were limited to a single simple prompt for elaboration. The participants could speak for as long as they wished. The interviews were recorded on a digital audio recorder for subse- quent verbatim transcription. Question 3 (what participants do each day) generated on average the greatest number of words. We chose to analyze responses to this question in order to meet a minimum requirement of 100 narrative words in each participant's connected speech sample. Where this criterion was not met with Question 3, responses to other questions were added to reach the criterion of 100 narrative words. We chose the 100-word criterion in order that each participant's speech sample would be of similar length, and so that we would be able to extract measures sensitive to length. This is compatible with other studies, which have used small speech samples and reported reliable differences between PPA patients and controls [10, 22, 26, 48] . Transcription was done in accordance with the Quantitative Production Analysis [49] .
Analysis of Connected Speech
A detailed description of the connected speech automated analysis process was previously reported [20] . The features automatically analyzed included 1 fluency feature, 26 syntactic complexity features, 17 lexical features, and 16 semantic features [see Table 2 ]. Note that in addition to the measures that we reported previously [23] , three other measures (features [58] [59] [60] were added to the present study to measure lexical richness. Based on a study that investigated lexical performance in Alzheimer disease [50] , Brunét's index and Honoré's statistic were added. Unlike the type-token ratio (feature 57), Brunét's index quantifies lexical richness without being sensitive to text length [51] . A lower value represents a richer vocabulary. Honoré's statistic [52] represents the proportion of words used once, relative to the total number of words used in the narrative. It is based on the notion that the larger the number of words used only once by a speaker, the richer the lexicon. Finally, we also included in the analysis the raw number of words used once. In the earlier study, we analyzed a different speech sample (Cinderella narratives, as opposed to the topic-directed interviews being analyzed here); the results of this new automated approach were tested against manual methods and the average agreement between the automated tagger and a human annotator was found to be high.
Imaging Protocol
Images were acquired using a 3.0T GE scanner with a standard eight-channel coil, at the Sunnybrook Health Sciences Centre in Toronto, ON, Canada. A high-resolution structural scan was first obtained using a three-dimensional, T1-weighted pulse sequence with TR = 8.1 ms, TE = 3.2 ms, slices = 186, matrix = 256 × 192 matrix, FOV = 220 mm, and voxel size = 1 × 1 × 1 mm. Diffusion-weighted data were also acquired using the standard eight-channel coil, along 23 non-collinear directions with a b value of 1,000, and two unweighted images (TR = 8,800 ms, TE = 80 ms, slices = 45, matrix = 128 × 128, FOV = 380 mm, voxel size = 3 × 3 × 3 mm). Two one-NEX repetitions were collected for each participant.
Structural MRI Analysis
Structural MR images were processed using FSL 4.1 (FMRIB Software Library, Oxford, UK; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/). Using Brain Extraction Tool, both T1-and diffusionweighted data were skull stripped, in order to remove all non-brain tissue, and aligned to MNI space using both linear and non-linear transformations. The output images were visually inspected with FSLview to confirm the quality of the spatial registration. Then, the T1-weighted scans were segmented into grey matter, white matter, and cerebral spinal fluid using FMRIB's Automated Segmentation Tool tissue-type segmentation.
To ensure that the PPA patients included in this study showed grey matter atrophy consistent with previous studies, we conducted a voxel-based morphometry (VBM) analysis. Structural data were analyzed with FSL-VBM [53, http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/ FSLVBM], which is an optimized VBM protocol [54] carried out with FSL tools [55] . First, structural images were brain-extracted and grey matter-segmented before being registered to the MNI 152 standard space using non-linear registration [56] . The resulting images were averaged and flipped along the x-axis to create a left-right symmetric, study-specific grey matter template. Second, all native grey matter images were non-linearly registered to this study-specific template and "modulated" to correct for local expansion (or contraction) due to the non-linear component of the spatial transformation. The modulated grey matter images were then smoothed with an isotropic gaussian kernel with a sigma of 3 mm. Finally, a voxelwise general linear model was applied using permutation-based, non-parametric testing, correcting for multiple comparisons across space.
Probabilistic Tractography
Diffusion-weighted images were analyzed with probabilistic tractography to quantify fibre integrity in language-related white matter tracts. Analyses were implemented with the FDT software package within FSL [FMRIB's Software Library; e.g. 57, 58] . First, the diffusionweighted data were registered using an affine registration to the b0 volume to correct for eddy currents and motion artefacts [59] . Diffusion tensors were fit and used to generate colour-coded, FA-weighted maps, which were subsequently used to define seed regions for probabilistic tractography. Next, a probabilistic model of crossing fibres at each voxel in the brain was constructed using the Bedpostx module. This model was then combined with manually defined seed regions to identify three specific tracts: the SLF, the ILF, and the uncinate fasciculus. Regions of interest (ROIs) were defined in the native diffusion space on the FA-weighted, colour-coded maps using the seed regions proposed by Behrens et al. [60] and Galantucci et al. [33] . These ROIs were defined manually by K.M. using FSLview and double-checked by a trained research assistant. As described by Galantucci et al. [33] , exclusion masks were also used to exclude fibres from neighbouring tracts. All ROIs were drawn bilaterally.
Fibre tracking was performed using the FDT (Probtrackx) module implemented in FSL, following the method previously described by Behrens et al. [60] and used by Galantucci et al. [33] . Probabilistic tractography was performed using a single-seed approach. First, all voxels within the seed masks in the diffusion space were used to generate 5,000 streamline samples, with a step length of 0.5 mm, and a curvature threshold of 0.2. Fibre tracking resulted in a probabilistic map of the connections of the voxels included in the starting seed with the rest of the brain, with the highest possible intensity being 5,000. All streamline samples entering into the exclusion masks were then excluded. In order to be able to compare the tracts within each group, the tract maps were normalized by dividing the number of streamline samples present by the waytotal, which corresponds to the total number of streamline samples that were not rejected due to exclusion masks. Moreover, a threshold equal to 40% of the 95th percentile of the distribution of the intensity values was applied to the obtained tracts, in order to correct for possible different dimensions due to the individual starting seeds [33] .
Tract Quantification
Using FSLmaths, FA and radial diffusivity (RD) were calculated for each participant's tracts in diffusion space. There is growing evidence that RD is a more sensitive measure [61] . Thus, we used RD instead of the frequently used mean diffusivity. Moreover, an increase in RD is likely to be associated with a greater degree of myelin degeneration as documented in PPA [62] . FA was calculated from the standard deviation of the three eigenvalues [63] . RD is defined as the average of the minor eigenvalues. Spatial normalization was performed for each participant, using FLIRT in FSL. For each participant, the anatomical maps (T1) were first normalized to the standard MNI brain, using the FSL MNI152_T1_2mm template. The transformation derived from this normalization was then applied to the FA and RD maps, which were visually checked for alignment to each other and the template.
Statistical Analysis
All 60 extracted measures from connected speech transcripts were analyzed statistically to examine differences between the three groups using one-way analysis of variance (ANOVA) [see Table 2 ]. Post hoc comparisons were made using the Bonferroni correction. All statistical analyses were done using SPSS ® v19.0, and the significance level was set at p < 0.05.
Considering the number of language features that were extracted, PCA with varimax rotation was performed on the data from all three groups in order to reduce the number of language measures. A varimax rotation was applied in order to maximize the sum of the variances of the squared loadings. Factor loadings were accepted if they exceeded a threshold of 0.500, which is considered a strong loading [64] . Composite indices were created from each factor derived from the PCA from factor loading scores using the SPSS default regression method. In addition, ANOVAs were computed for each component to examine differences between the groups.
Comparisons of the tracts' mean FA and RD were performed with a univariate ANCOVA, using an estimation of the normalized brain volume (NBV) as the covariate. NBV is a measure of atrophy and is a marker of disease progression. It was normalized for subject head size and was estimated with SIENAX [65] , which is part of FSL [55] .
Language Measures
To determine whether damage to a tract might also be predictive of measures that distinguish the two PPA variants, we included two tests that measure key impairments in each PPA variant. Impaired single-word comprehension is a defining feature in svPPA, and this was measured using PPVT [42] . Since a syntactic processing deficit in language production is a key feature in nfvPPA, we used the sentence story completion task [44, 45] , which evaluates the production of verbs in sentences; this has previously been reported to distinguish nfvPPA patients from participants with svPPA and healthy controls [66] . Figure 1 illustrates the results of the VBM analysis demonstrating that our nfvPPA cohort showed grey matter atrophy in the left insula (t = 4.76, cluster size = 1,670) and middle temporal gyrus (t = 5.71, cluster size = 3,925), whereas svPPA patients showed grey matter atrophy in the bilateral temporal areas, extending to the middle/superior areas and the insula, but more pronounced in the left hemisphere (left hemisphere: t = 6.48, cluster size = 11,277; right hemisphere: t = 5.71, cluster size = 5,164), consistent with previous studies [e.g. 1, 40, 67-70].
Results
Imaging Data
Connected Speech Features
As previously described, we used the criterion of 100 narrative words. Thus, the total number of words analyzed was equivalent for the three groups (F[2, 40] = 0.441, p = 0.646). As in Fraser et al. [20] , three separate comparison tasks were considered: (1) distinguishing between nfvPPA and controls; (2) distinguishing between svPPA and controls; and (3) distinguishing between nfvPPA and svPPA. The means and standard deviations for each feature for each group are reported in Table 2 . nfvPPA Compared to Controls Thirteen features were found to distinguish the nfvPPA group from the healthy controls, and all but two of these features were syntactic complexity features. The nfvPPA patients produced an increased number of sentences, T-units, and clauses. They also produced sentences, T-units, and clauses with a reduced mean length, as well as a reduced number of complex nominals per T-unit and clause. For this group, a reduction in a number of syntactic complexity measures derived from parse trees was also observed. Speech rate, as measured by the number of words per minute, was also significantly lower compared to healthy controls. Finally, mean word length was shorter for the nfvPPA patients than for the controls.
svPPA Compared to Controls Thirteen features distinguished the svPPA group from the controls. The svPPA group produced fewer nouns and a lower pronoun ratio, an increased proportion of verbs, a lower proportion of nouns, an increased number of adverbs, and a lower type-token ratio. The mean depth and maximum depth of the parse tree as well as the number of complex nominals per clause and T-unit were significantly lower in the svPPA group. Two of the three new features that were included to measure lexical richness also distinguished the svPPA group from the controls. Specifically, Brunét's index was significantly higher for the svPPA group; whereas the number of words used once was significantly lower for the svPPA group. Each of these thirteen measures indicates that the svPPA participants had lower lexical richness in their connected speech than the healthy controls.
nfvPPA Compared to svPPA Only one feature distinguished the nfvPPA and svPPA groups. Namely, the nfvPPA group produced fewer words per minute.
As mentioned, our previous work demonstrated that correlations between automated and manual methods of measuring features of connected speech were high across a range of measures [20] . In the present investigation, we used t tests to more directly compare results obtained via the two approaches: we compared features which are included in the Quantitative Production Analysis [49] , a widely used manual approach for the analysis of connected speech, with a subset of the automatically generated features. Using univariate ANOVAs (group × coding scheme; automated vs. manual), we found that the scores generated via the two methods were equivalent for all four of the measures that overlap between the manual and automated approaches (see Table 3 ; p values all >0.1). In summary, the overall pattern of results with respect to the groups was identical: in both the automated and manual approaches, the only connected speech feature that discriminated the two PPA variants was the number of words per minute. The interaction between group and type of coding was not significant for any of the features.
The factor structure for the 60 dependent variables from the connected speech analysis described above is displayed in Table 4 . All connected speech features had at least one factor loading of 0.500. The PCA with varimax rotation yielded a five-factor solution that accounted for 72% of the variance. Factors 1 and 2 are related to syntactic processing, whereas Factors 3-5 are related to lexico-semantic processing. Specifically, Factor 1 consists of measures that gauge sentence complexity and the amount of subordination, whereas Factor 2 consists of features that measure sentence length, coordination, and left-branching, which are syntactic complexity metrics. The third factor consists of features that measure the lexical richness of the interview. Factor 4 includes noun and verb ratios as well as pronouns and closed class ratios, and it reflects most likely the level of language production at which the lexico-semantic representations are selected. Finally, Factor 5 includes variables that are known to affect word retrieval.
The means and standard deviations for each factor per group are reported in Table 5 . An initial multivariate ANOVA yielded an effect of group (D = 3.987, p < 0.001). Individual ANOVAs yielded between-group differences for three factors, one related to syntactic processing (Factor 1: p = 0.029) and two related to lexico-semantic processing (Factor 3: p = 0.008; Factor 4: p = 0.027). Post hoc comparisons showed that the nfvPPA group was significantly different from the control group on Factor 1 (syntactic factor); whereas the svPPA group was significantly different from the control group on Factors 3 and 4 (lexico-semantic factors). None of the factors distinguished the two patient groups.
DTI Metrics
Group results and differences in FA and RD of each tract are reported in Table 6 . FA values are represented for each group in Figure 2 for the dorsal stream and Figure 3 for the ventral stream. As with the connected speech analysis, three separate classification tasks were considered for the DTI analysis: (1) distinguishing between nfvPPA and controls; (2) distinguishing between svPPA and controls; and (3) distinguishing between nfvPPA and svPPA.
nfvPPA Compared to Controls There were no significant differences between the nfvPPA group and the healthy controls in FA. However, the nfvPPA group showed significantly higher RD in the left SLF as compared to the healthy controls.
svPPA Compared to Controls FA was significantly lower, whereas RD was significantly higher in the ILF and uncinate bilaterally for the svPPA group.
nfvPPA Compared to svPPA When compared to the nfvPPA group, the svPPA group showed significantly lower FA values and higher RD in the ILF and uncinate bilaterally. 
Correlations between DTI Metrics and Connected Speech Factors
We found significant partial correlations, using NBV as covariate, with two semantic factors (only) -namely Factors 3 and 5 (see Fig. 4 ). For Factor 3, positive correlations were found with FA in the left ILF (p = 0.024, r = 0.348) and in the left SLF (p = 0.039, r = 0.320). Moreover, negative correlations were found between Factor 3 and RD in the left ILF (p = 0.003, r = -0.442) and in the left SLF (p = 0.007, r = -0.410). For Factor 5, negative correlations were found with RD in the left ILF (p = 0.046, r = -0.310), the right ILF (p = 0.049, r = -0.306), and right uncinate (p = 0.019, r = -0.362).
Correlations between DTI Metrics and Language Measures That Distinguished the Groups
To investigate the relationship between semantic processing and DTI metrics, partial correlations between the PPVT and FA and RD were computed. Significant negative correlations were found for the PPVT with RD in the left uncinate (p < 0.001, r = -0.576) as well as in the left ILF (p < 0.001, r = -0.692). Similarly, partial correlations between the verb story completion task and FA and RD were computed to investigate the relationship between verb processing in sentences, which was significantly more impaired in nfvPPA than in svPPA patients, and tract specific measurements. A negative correlation was found between the verb story completion score and RD in the left SLF (p < 0.05, r = -0.349).
Finally, we investigated whether the factors obtained from the PCA were correlated with their respective, distinguishing language evaluation measures. We found a significant correlation between the PPVT and the lexical richness factor (Factor 3) scores (p < 0.001, r = 0.547). However, scores on the verb story completion task were not significantly correlated with either syntactic factor.
Discussion
This study was designed to assess the relationship between white matter damage and connected speech features in nfvPPA and svPPA. Although the finding of differences in connected speech between the patient groups was minimal, the PCA factor structure allowed us to identify five factors that were related to the tasks. More importantly, one of the two syntactic factors distinguished the nfvPPA patients from the controls, whereas one of the three semantic factors distinguished the svPPA patients from the controls. In accordance with previous studies [1, [32] [33] [34] [35] 39] , the nfvPPA group showed DTI diffusivity changes only in the left dorsal language pathway, whereas the svPPA group showed widespread damage to the ventral tracts bilaterally as well as to the left SLF. Ventral damage in the svPPA group distinguished them from the non-fluent group. Significant correlations between the left ILF and two semantic factors in connected speech were obtained. In addition, significant negative correlations between receptive semantic processing (i.e. the PPVT) and RD in the two left ventral fibre bundles were obtained. Neither of the syntactic factors extracted from connected speech correlated significantly with the DTI metrics, but verb story completion scores were correlated with RD in the left SLF. Fig. 4 . Significant partial correlations between connected speech features and DTI metrics for each patient group. There are extreme values for 2 svPPA patients. Nonetheless, the data from these two patients were kept after a close look at all the DTI metrics as well as the neuropsychological and language evaluations, which did not suggest that these 2 patients were outliers. UNC = Uncinate.
(For figure see next page.) 
Connected Speech Features
The two PPA groups exhibited linguistic deficits on neuropsychological testing which are consistent with those seen in each variant in previous studies, but on the measures of connected speech, only words per minute distinguished the two variants from each other. Speaking rate seems to be the most consistent feature distinguishing the semantic and the non-fluent variants with respect to connected speech [15, 16, 23, 24, 26] . Other differentiating, lexico-semantic, or syntactic features vary between studies. One might have expected that nfvPPA patients would have produced shorter sentences than svPPA patients, but to our knowledge only one study has reported this finding [16] . Most studies on connected/conversational speech have, however, found that the mean length of an utterance was shorter in nfvPPA patients than in healthy controls [23, 26] , which is also what we found.
The nature of the elicitation task may explain the lack of difference between the nonfluent and semantic variants on connected speech features in the current study. Similarly, a syntactic impairment may be less apparent on this task than on a more complicated narrative task (like re-telling the Cinderella story) or a constrained production task. Discourse production as in the topic-directed interviews used here does not provide obligatory contexts for production. In contrast, constrained production tasks may be more difficult because the target verb and morphemes are prescribed. For example, in an earlier study involving a subgroup of the patients reported here, we found that nfvPPA patients performed significantly more poorly on a verb story completion task than svPPA patients [66] . Thus, impairment in grammatical abilities per se may not be revealed in an unconstrained context such as topicdirected interviews. We may not have found differences between the patient groups because of the nature of the task, which allows patients to discuss familiar topics using familiar vocabulary. This is almost certainly less semantically taxing than other connected speech tasks (like re-telling the Cinderella story or picture description), and, therefore, the semantic impairment in the svPPA patients may be less apparent. In order to reduce the number of correlations and optimize power, a PCA was conducted. Interestingly, although the number of participants was relatively small, the PCA yielded 5 factors that characterized the task. Among these factors, the syntactic factor that measured sentence complexity and subordination distinguished the nfvPPA patients from the controls, whereas the lexical richness factor distinguished the svPPA patients from the controls. Although the present findings did not differentiate the two variants, our results showed that this approach can distinguish between the healthy controls and each of the two patient groups.
One might have expected that more features would have discriminated the two PPA variants. To confirm that this was not an artefact of the automated analyses, we compared the results with scores obtained on manually performed Quantitative Production Analysis [49] . The results replicated the automated analysis, and words per minute was the only measure that distinguished the two variants. We used speech samples of 100 narrative words, which was consistent with other studies that have used short speech samples and reported reliable group differences [10, 22, 26, 48] . However, we might have found a greater number of significant differences between the patient groups had we used longer speech samples.
DTI Metrics
In accordance with previous studies [1, [32] [33] [34] [35] 39] , we found significant white matter changes in tracts that are known to play a role in language processing in both the svPPA and nfvPPA groups. The key role of the SLF in syntactic processing has been well documented [e.g. 39, 71] by robust correlations between reduced FA and syntactic comprehension and production [39] . In the present study, none of the syntactic factors significantly distinguished between the svPPA and nfvPPA groups, and so we were unable to test the role of the SLF in syntactic processing in connected speech. Nevertheless, we found further evidence for the importance of the SLF in verb processing as observed by the significant correlation between verb story completion and RD in the left SLF. In addition to the proposed role of the SLF in syntactic processing, there is also evidence to suggest that it is involved in semantic processing [72, 73] . The present results tend to support this idea as the lexical richness factor was correlated with FA and RD in the left SLF.
The results of the present study demonstrated that svPPA is mainly characterized by bilateral damage in the ventral tracts (i.e., the uncinate and the ILF), which is consistent with findings of previous DTI studies [32] [33] [34] [35] . Interestingly, the lexical richness factor and the semantic representations factor were both significantly correlated with the left ILF. We also found a negative correlation between the RD in the left ILF and single-word comprehension. Unlike the role of the uncinate fasciculus in language, the role of the ILF is more controversial. Saur et al. [74] and Vigneau et al. [75] suggest that the ILF mediates semantic processing. In particular, Vigneau et al. [75] propose that a two-step pathway supports semantic processing involving processing in the ILF and then relayed by the uncinate fasciculus. However, to our knowledge, no previous studies have reported significant correlations between lexical richness in on-line production, single-word comprehension, and white matter damage in the left ILF in either PPA or in stroke-induced aphasia. At present, we cannot rule out the possibility that the effect could be driven principally by the performance of patients with the semantic variant, but it provides evidence that semantic impairment in connected speech production is also related to white matter damage in the left ILF.
Limitations
Two limitations of our study should be noted. First, the SLF has multiple subcomponents [76] [77] [78] , which can be damaged differently in the different PPA variants [33] . We used the same ROIs as described in Galantucci et al. [33] for the whole SLF, which were also used in Wilson et al. [39] but reported as the SLF/arcuate. Second, as noted in Schwindt et al. [35] , our acquisition protocol only includes 23 separate gradient directions, which is likely to be stable for FA above 20 directions, but which might not be optimal for a robust estimation of tensor orientation [79] . While this may have added variance to measures of diffusivity, we were nonetheless able to detect group differences in RD measures. Additionally, the Dementia Rating Scale is significantly lower in patients with svPPA than in those with nfvPPA, which may suggest that patients with svPPA were more severely impaired than those with nfvPPA. This difference in terms of level of severity might also explain the lack of difference on grammatical, fluency, and lexico-semantic measures as well as on the five components extracted from the PCA. The variability in the progression of brain atrophy observed in patients with svPPA [21] might also explain the finding that only one feature, words per minute, distinguished the connected speech of the two patient groups of this cohort.
Conclusions
Analyses of connected speech showed that nfvPPA patients were impaired relative to healthy controls on syntactic measures, whereas the svPPA group was impaired relative to controls on lexico-semantic measures. The only feature that distinguished the patient groups from each other was speech rate. Probabilistic tractography provided evidence that structural compromise to multiple tracts was associated with language impairments in patients with PPA. Our findings suggest that semantic deficits in connected speech in PPA may reflect not only grey matter damage, but also disruption of the ventral white matter pathway. If confirmed in future samples (currently in progress), the combination of an automated approach and PCA could provide a faster but still thorough method of analyzing connected speech in PPA.
